cDNAs encoding two novel 25 kDa Ras-like proteins, Rit and Rin, were isolated from mouse retina using a degenerate PCRbased cloning strategy. Using the expressed sequence tag database, human orthologs were also obtained and sequenced. The protein sequences of Rit and Rin, which are 64% identical, are more similar to each other than to any known Ras protein. Their closest homologs in the databases are Mucor racemosus Ras2 and Ras3, to which they show ϳ48% identity. Rit and Rin both bind GTP in vitro. An unusual feature of their structure is that they lack a known recognition signal for C-terminal lipidation, a modification that is generally necessary for plasma membrane association among the Ras subfamily of proteins. Nonetheless, transiently expressed Rit and Rin are plasma membrane-localized. Both proteins contain a C-terminal cluster of basic amino acids, which could provide a mechanism for membrane association. Deletion analysis suggested that this region is important for Rit membrane binding but is not necessary for Rin. Rit, like most Ras-related proteins, is ubiquitously expressed. Rin, however, is unusual in that it is expressed only in neurons. In addition, Rin binds calmodulin through a C-terminal binding motif. These results suggest that Rit and Rin define a novel subfamily of Ras-related proteins, perhaps using a new mechanism of membrane association, and that Rin may be involved in calcium-mediated signaling within neurons.
The Ras superfamily of small GTP-binding (G) proteins comprises a group of structurally related proteins of low molecular weight (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . They are involved in signal transduction and the regulation of a wide variety of cellular processes, including cell growth, transformation, differentiation and morphogenesis, vesicle trafficking and secretion, nucleocytoplasmic transport, and apoptosis (Hall, 1990; Bischoff and Ponstingl, 1991; Pryer et al., 1992; Fischer et al., 1994; Hall, 1994) . Based on structural and functional similarities, five broad subgroups of small G-proteins have been defined: Ras, Rho, Rab, Ran, and ADP-ribosylation factor. Despite the differences between the subfamilies, all small G-proteins contain five highly conserved domains (G1-G5) and act as molecular switches by alternating between an active GTPbound form and an inactive GDP-bound form (Hall, 1990; Bourne et al., 1991; Lowy and Willumsen, 1993) . The relative proportion of molecules in the active versus the inactive configuration is influenced by guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs) (Bollag and McCormick, 1991) . GEFs favor the active form by inducing the release of GDP, whereas GAPs favor the inactive form by stimulating the intrinsic GTPase activity of the G-protein.
Most members of the Ras subfamily are plasma membraneassociated (Casey, 1994 (Casey, , 1995 . Membrane binding generally requires a C-terminal isoprenyl group, which is added posttranslationally by a mechanism that involves recognition of a terminal cysteine-aliphatic amino acid-aliphatic amino acid-any amino acid (CAAX) motif. [In some Ras superfamily members, CXC or CC motifs are present instead of CAAX (Hancock et al., 1989) .] A second component of binding energy is often provided by either internal palmitoylation or a C-terminal cluster of basic amino acids (Hancock et al., 1990; Cadwallader et al., 1994) . Some unusual Ras-related proteins such as Rad, Kir, and Gem lack a CAAX or similar box (Reynet and Kahn, 1993; Cohen et al., 1994 : Maguire et al., 1994 ; however, they do contain a cysteine residue at the seventh position from the C terminus, which provides a putative site for isoprenylation.
The membrane association of Ras-related proteins is both essential and central to their biological activity. Mutations that interfere with membrane association, as well as inhibitors of isoprenylation, block the transforming activity of Ras (Kohl et al., 1993 (Kohl et al., , 1994 Manne et al., 1995) . In addition, modification of Raf, which acts downstream of Ras, to achieve Ras-independent membrane association of Raf leads to constitutively active signal transduction, which is independent of Ras (Leevers et al., 1994) .
A number of studies have implicated Ras-mediated signal transduction in retinal development and function. Cell fate determination of the Drosophila R7 photoreceptor progenitor cell requires activation of the sevenless tyrosine kinase receptor by the boss ligand . Sevenless signaling, in turn, requires Ras1 activity (Simon et al., 1991; Wassarman et al., 1995) , and expression of a constitutively activated mutant of Ras1 (val12) in photoreceptor precursor cells replaces the need for activation of the sevenless receptor and causes the formation of supernumerary R7 cells . Sevenless signaling activity is upregulated by the GEF Son of sevenless (Sos) (Bonfini et al., 1992) , and it is downregulated by Gap1 . The farnesyl transferase inhibitor FTI-254 suppresses the ability of microinjected activated Ras1 to form supernumerary R7 cells (Kauffmann et al., 1995) . On the other hand, the roughened phenotype, which often includes loss of the R7 photoreceptor, is caused by a dominant gain-of-function mutation in the Drosophila Rap1 gene, which is thought to act by inhibiting the Ras pathway (Hariharan et al., 1991) . Additional gene products that act downstream of Ras1 or interact with the Ras cascade to regulate retinal cell fate determination, including photoreceptors other than R7, have also been identified, and they include Jun (Treier et al., 1995) , the ets-related transcription factors pointed and yan (Lai and Rubin, 1992; O'Neill et al., 1994) , phyllopod (Chang et al., 1995) , the mitogen-activated protein kinase rolled (Carthew et al., 1994) , downstream of receptor kinases (Simon et al., 1993) , and the small subunit of TFIIA (Zeidler et al., 1996) .
Although the evidence is less direct, Ras and associated pathways have also been implicated in the development and maintenance of the mammalian retina. Retrovirus-mediated alteration of the expression of epidermal growth factor (EGF) receptors, which are thought to act through a Ras-containing cascade, in retinal progenitor cells can influence the response to transforming growth factor-␣ (TGF-␣) and affect the relative proportion of rod and Müller cells (Lillien, 1995) . Inhibition of fibroblast growth factor (FGF) signal transduction, another pathway thought to involve Ras, can lead to retinal degeneration . In addition, mutations in the Rab escort protein REPI, which is involved in Rab isoprenylation and membrane association, can cause the X-linked human retinal degeneration choroideremia (Andres et al., 1993; Seabra et al., 1993) .
Based on these findings and our interest in mammalian retinal development and signal transduction, we decided to conduct a search for novel Ras family members expressed in the mouse retina. Using a PCR-based approach with degenerate primers corresponding to conserved Ras domains and mouse retinal cDNA as template, we have cloned cDNAs corresponding to two novel small G-proteins, which we have named Rin for Ras-like protein expressed in neurons and Rit for Ras-like protein expressed in many tissues. As its name implies, Rin appears to be expressed only in neurons, and it is, to our knowledge, the only Ras-subfamily member that shows such an expression pattern. In addition, Rin binds calmodulin in a Ca 2ϩ -dependent manner. In the present study, we report the cloning, sequence analysis, expression, and preliminary characterization of Rit and Rin and suggest that they constitute a new subfamily of Ras-related proteins and that Rin may be involved in mediating calciumdependent signaling within neurons.
MATERIALS AND METHODS

Reverse transcription (RT)-PCR.
Total RNA was isolated from adult mouse retina using Trizol reagent (Life Technologies, Gaithersburg, MD). Five micrograms of the extracted total retinal RNA were then used as template for oligo-dT-primed first-strand cDNA synthesis using M-MLV reverse transcriptase (Life Technologies). One tenth of the resulting cDNA was used for PCR amplification with the degenerate oligonucleotide primers R1 (5Ј-AT(
, which correspond to the conserved Ras GTP-binding domains G3 (IDILDTA) and G4 (VGNKSDL), respectively. Thirty cycles of PCR amplification were carried out as follows: 94ЊC for 1 min, 50ЊC for 1 min, and 72ЊC for 1 min. The resulting PCR product of ϳ200 bp was agarose gel-purified, reamplified with the same primer pairs, and subcloned by blunt-end ligation into the SmaI site of pBluescript SK ϩ (Stratagene, La Jolla, CA). Inserts in individual clones were sequenced by the dideoxynucleotide-chain termination method (Sequenase, United States Biochemicals, Cleveland, OH). For analysis of Rit and Rin expression in individual RNA samples, the procedure was the same except that the cDNA was treated with RNase-free DNase (Boehringer Mannheim, Indianapolis, IN) before amplification, nondegenerate primers were used, and the amplification conditions were 94ЊC for 1 min, 62ЊC for 1 min, and 72ЊC for 1 min, for a total of 30 cycles.
cDNA cloning and sequencing. Oligo-dT and random-primed murine retinal cDNA libraries in Uni-ZAP XR (Stratagene) were screened using random hexamer-labeled DNA probes made from the subcloned Rit and Rin PCR products. For both Rit and Rin, a total of 1.5 ϫ 10 6 plaques were screened under high-stringency hybridization conditions. Positive clones were plaque-purified and in vivo-excised, and the inserts of the resulting plasmids were sequenced on both strands using both vector and internal primers. Homology comparisons were performed using the BLAST algorithm (NCBI). Sequences were aligned using ClustalW (Higgins and Sharp, 1988) and displayed using BOXSHADE.
Generation of Rit and Rin bacterial fusion proteins.The entire coding regions of Rit and Rin except the initiation ATG were subcloned into either pTrcHis (Invitrogen, San Diego, CA) or pGEX (Pharmacia, Piscataway, NJ) prokaryotic expression vectors using PCR and primers encoding unique restriction sites. The 5Ј primers for Rit and Rin were GAGTCCGGAGCTCGCCCCAT and GAAGTAGAAAACGAAGC-CCAC, respectively, and 3Ј primers were GCAGGCACAAGGAG-CACTGCA and ACCCACAAGGAGAGACAGGA, respectively. The resulting constructs were sequenced to exclude PCR-induced mutations and to confirm that the coding regions were in frame. Transformed bacteria (BL21) were induced with IPTG, and the fusion proteins were purified under denaturing condition over a nickel column (Qiagen, Hilden, Germany) .
GTP binding assay. Five micrograms each of the affinity purified histidine (His)-tagged Rit and Rin fusion proteins were subjected to 12% SDS-PAGE and electroblotted onto nitrocellulose. The filter-bound fusion proteins were renatured in PBS containing 1% bovine serum albumin (BSA), 0.5 mM MgCl 2 , 50 mM ZnCl 2 , 0.1% Triton X-100, and 5 mM DTT at 4ЊC. The membrane was then incubated in GTP-binding buffer (50 mM TrisHCl, pH 7.5, 5 mM MgCl 2 , and 0.3% Tween 20) at room temperature for 15 min. [␣- 32 P]-GTP (20 Ci; 1 Ci ϭ 37 GBq; DuPont NEN, Wilmington, DE) was then added, and the membrane was incubated at room temperature for 90 min, washed three times in GTPbinding buffer without [␣- 32 P]-GTP, air-dried, and exposed to film. For cold competition, unlabeled GTP, GDP, or ATP to a final concentration of 0.1 mM was added together with the labeled GTP (Ohmstede et al., 1990) . GTP binding assays with the Rit and Rin del I and II deletions (see below) were performed similarly except that total bacterial lysates were used instead of purified fusion proteins.
Generation of c-myc-tagged Rit and Rin mammalian expression constructs. Constructs were generated using the same primers and PCR in a manner analogous to that described above for the generation of the His-tagged fusion constructs. The resulting PCR products were appropriately restricted and subcloned into the myc-epitope-tag-containing mammalian expression vector pRK5. The constructs were then sequenced to rule out PCR-induced mutations. For the generation of the Rit del I and del II deletions constructs, the 3Ј primers were CTCCAT-GGCCAGTACTAGCTCCTTCTC and GACGAGGGCGTGGAAAA-CGTCGT, respectively, and for the Rin del I and del II deletions constructs, the 3Ј primers were TTCCACCAAGGACAGCATG and CACTAAGCCTTGAAAAGCATCATC, respectively.
Cell culture and transfection. COS and 293 cells were grown in DMEM high-glucose medium with 10% fetal bovine serum at 37ЊC and 5% CO 2 . The day before transfection, cells were split and then seeded onto poly-L-lysine-treated coverslips in a 24-well tissue culture plate with 2 ml of medium per well. The next day the cells were transfected with purified plasmid DNA (5 g/well) using lipofectamine (Life Technologies) according to the manufacturer's directions.
Immunocytochemistry. Forty-eight hours after transfection, cells were fixed with 4% paraformaldehyde in PBS for 15 min at 37ЊC, permeabilized in PBS containing 0.25% Triton X-100 for 5 min at room temperature, and washed twice with PBS. Nonspecific sites were blocked for 1 hr with PBS containing 10% normal goat serum. Monoclonal murine antic-myc primary antibodies (Oncogene Science, Manhasset, NY) were applied in PBS containing 3% goat serum at a concentration of 2 ng/l and incubated overnight at 4ЊC. After they were washed in PBS, the cells were incubated for 1 hr at room temperature with a 1:5000 FITC-conjugated goat anti-mouse antibody (Sigma, St. Louis, MO). Horizontal optical sections (0.75 m thick) ϳ2-3 m above the level of cell attachment were obtained by scanning laser confocal microscopy (Bio-Rad MRC-600; Bio-Rad, Richmond, CA). Excitation wavelength was 488 nm, and emission wavelength was 510 -515 nm. Images were captured and processed using COMOS version 6.03 (Bio-Rad).
Calmodulin binding assay. Escherichia coli BL21 cells were transformed with the appropriate GST-Rin fusion constructs. After induction with 0.1 mM IPTG, total bacteria lysate was prepared by solubilization with SDS sample buffer. The lysate was electrophoresed on a 12% polyacrylamide gel and then electroblotted onto a nitrocellulose membrane. The protein blot was blocked by incubation for 1 hr at room temperature with 1% BSA in 50 mM Tris-HCl, pH 7.5, 0.2 M NaCl, 0.5 mM CaCl 2 , and 50 mM MgCl 2 (TBS/CaMg). After removal of the blocking solution, 100 ng/ml biotinylated calmodulin (Life Technologies) in the same buffer was added onto the membrane and incubated for another 2 hr. The membrane was washed twice for 10 min in TBS/CaMg containing 0.05% Tween 20. The membrane was incubated with a 1:5000 dilution of the strepavidin-alkaline phosphatase (Life Technologies) in the same buffer for 30 min, and then color development with NBT and BCIP (Life Technologies) was performed according to the manufacturer's instructions. To assess binding in the absence of calcium, the same assay was performed with TBS/CaMg in which 5 mM EGTA was substituted for the CaCl 2 . To assess the amount of GST fusion protein that was present, the protein blot was incubated for 2 hr with 2.5 l/ml primary goat anti-GST antibody (Pharmacia). Then the blot was probed with rabbit anti-goat IgG coupled to horseradish peroxidase (1:4000; Sigma) for 30 min and washed, and the peroxidase signal was detected by DAB staining.
Northern blot analysis. Total RNA was extracted from adult mouse retina, brain, liver, spleen, heart, lung, and kidney, and from brains of late gestational embryo, 1-and 3-week-old mouse pups, using Trizol reagent (Life Technologies). Twenty-five micrograms per lane of the extracted total RNA were then analyzed by Northern blot hybridization using random hexamer-labeled DNA probes and standard procedures. In situ hybridization. BALB/cJ mice were anesthetized and perfused with 4% paraformaldehyde in PBS. The brain and other organs were dissected, post-fixed for an additional 2 hr in the same fixative, immersed in a 15% sucrose solution in PBS overnight, and then sectioned (12 m) on a cryostat at Ϫ20ЊC. For retinal sections, eyes from unperfused animals were fresh-frozen, sectioned, and then post-fixed in 4% paraformaldehyde. In situ hybridization was performed as described (Della et al., 1996) , using a modification of published methods (Harland, 1991; Wilkinson, 1992) . Sense and antisense riboprobes for Rin were generated by in vitro transcription of the full-length clone in pBluescript (Stratagene) using T3 and T7 RNA polymerase and digoxgenin-coupled UTP (Boehringer Mannheim) according to the manufacturer's protocol. Chemical hydrolysis at 60ЊC for 30 min was used to reduce the average length of the riboprobes to 200 bp. Pronase E (70 g/ml for 10 min at room temperature; Sigma) was used to pretreat the sections to improve probe access to the target mRNA. Hybridization was performed overnight at 57ЊC using a riboprobe concentration of 0.5 g/ml, and a posthybridization ribonuclease digestion (20 g/ml of RNase A for 30 min at 37ЊC; Sigma) was included to reduce background. Sections were blocked with 40% heat-inactivated lamb serum (Sigma) in Tris-buffered saline before addition of the anti-DIG antibody (1:2000; Boehringer Mannheim). The alkaline phosphatase-mediated color reaction was performed as described (Wilkinson, 1992) . Sections were mounted in an aqueous glycerolbased mounting medium. Photographs were taken with a Zeiss Axioskop Figure 1 . Comparison of the predicted amino acid sequences of murine Rin (GenBank accession number U71202), human Rin (U71204), murine Rit (U71205), human Rit (U71203), M. racemosus Ras3 and Ras2, murine K-Ras2, murine Gem, and human Rad. The G1-G5 regions, the position of the Rit and Rin deletions (del I and del II), the conserved basic residues (asterisks), and the location of the C-terminal-most cysteine residue (arrow) in Rit and Rin are indicated. The word "insertion" indicates the position of the 64 bp insertion in the human Rin ESTs. The CAAX motifs in Ras3, Ras2, and K-Ras are boxed, as are the cysteines located seven residues from the C terminus in Gem and Rad. Black and gray shading indicate sequence identity and conservative substitutions, respectively. Homology comparisons were performed using the BLAST algorithm (NCBI). Sequences were aligned using ClustalW (Higgins and Sharp, 1988) and displayed using BOXSHADE. photomicroscope using bright-field or Nomarski optics and Kodak T-64 35 mm film.
RESULTS
Cloning of Rit and Rin
RT-PCR was performed on mouse retinal RNA using degenerate oligonucleotide primers that correspond to the highly conserved G3 and G4 domains of Ras proteins (Fig. 1) . Of the 60 PCR products that were cloned and sequenced, the vast majority were identical, or nearly identical, to already published sequences. Two sequences, however, seemed to represent novel Ras family members, which we have named Rit and Rin.
Mouse retinal cDNA libraries were screened using the cloned Rit and Rin PCR fragments as probes. Sequencing of several independent Rit and Rin clones demonstrated full-length cDNAs of 1.1 and 1.8 kb, encoding proteins of 219 and 217 amino acid residues, respectively (Fig. 1) . Both sequences contain good Kozak consensus sites (Kozak, 1987) . The predicted molecular weights of Rit and Rin are 25.6 and 24.8 kDa, respectively, and their predicted amino acid sequences are 64% identical to each other. The highest degree of homology is in the central 167 amino acids, in which the identity is 74%. The closest homolog to Rit in the protein database is Mucor racemosus Ras3, to which it is 48% identical; the closest homolog to Rin is M. racemosus Ras2, to which it is also 48% identical (Casale et al., 1990) . The relationship of Rit and Rin to these and other small G-proteins is shown diagrammatically in Figure 2 .
Comparison of murine Rit and Rin with the human expressed sequence tag (EST) database revealed the existence of human orthologs. Given the neural specificity of Rin (see below), it is noteworthy that the Rin ESTs are derived from brain libraries. The appropriate ESTs were obtained and sequenced. Of the three available Rin ESTs, two of them (R52317 and H08460) have an additional 64 bp sequence that leads to a predicted 21 amino acid insertion with an associated frameshift and premature termination (Fig. 1) . The third EST (N53351) does not contain the 64 bp insertion. Because of considerations of homology, the frameshift, and the finding that RT-PCR analysis of both mouse and human retinal RNA shows a major band corresponding to the size of the sequence without the insertion (the human retinal RT-PCR shows a barely detectable band corresponding to the sequence with the insertion; data not shown), we conclude that the major Rin transcript does not contain the 64 bp insertion. The sequences containing the insertion probably represent aberrant splicing events, although the possibility of a pseudogene cannot be ruled out. The sequence flanking the insertion shows moderate homology to the splice consensus sites (Sharp, 1994) . The predicted protein sequences of murine and human Rin are 91% identical. The predicted sequences of murine and human Rit (ESTs N36448, T58089, and R81023) are 94% identical. ; Rho/ CDC42, mouse, U37720; Rab18, mouse, L04966; Ran, mouse, L32752; ARF 4 (ADP-ribosylation factor), rat, B54022; Kir, mouse, U10551; Gem, mouse, U10551; Rad, human, L24564]. The tree was generated using the unweighted pair group with arithmetic mean method (GeneWorks 2.3, IntelliGenetics), and it suggests that Rin and Rit constitute a subfamily within the Ras group. One of the Rit ESTs (T58089) has been mapped to chromosome 3 (62 cM offset) in the mouse (XREF database, NCBI).
Rit and Rin show specificity for GTP and GDP
Because Rit and Rin both contain the five highly conserved domains (G1-G5) that are characteristic of small G-proteins (Fig.  1) , we tested for their ability to bind GTP. Murine Rit and Rin were expressed in E. coli as His-tagged fusion proteins, affinitypurified, subjected to SDS-PAGE, transferred to a nitrocellulose membrane, and incubated with radiolabeled GTP (Fig. 3A) . The Rit and Rin fusion proteins both bound [␣-32 P]-GTP. Binding was specific in that binding activity could be blocked by excess unlabeled GTP or GDP but not by ATP.
Rit and Rin are membrane-associated despite the lack of a CAAX box
An unusual feature of both Rit and Rin is that they lack a C-terminal CAAX box (Fig. 1) . Although there are other Rasrelated family members that do not contain a CAAX box, such as Rad, Gem, and Kir, these proteins all have a cysteine residue at position 7 from their C terminus that provides a putative site for isoprenylation (Reynet and Kahn, 1993; Cohen et al., 1994; Maguire et al., 1994) . In contrast, the closest cysteines in Rit and Rin are 62 and 61 residues, respectively, from the C terminus. Rit and Rin, however, both contain a C-terminal polybasic domain, which by analogy with other small G-proteins may provide some binding energy for membrane association. In fact, although they have minimal overall conservation in their C-terminal regions, the positions of basic amino acid residues within Rit and Rin are highly conserved in this region.
To explore whether Rit and Rin are membrane-associated, given their unusual C termini, the coding regions for the murine proteins were subcloned into a c-myc-tagged mammalian expression vector and transiently expressed in COS and 293 cells (Robertson et al., 1995) . Analysis by immunofluorescent and confocal microscopy with a primary anti-myc antibody revealed that both Rit and Rin were localized to the plasma membrane in both cell types. The results with COS cells are shown (Fig. 4 A,D) . It is possible, although perhaps unlikely, that the localization observed for Rin with COS and 293 cells may not reflect the endogenous situation, because these cells may lack a neuron-specific interacting protein that could affect subcellular localization. Additionally, the presence of the myc tag as well as the use of transfection could potentially influence the results. Future experiments with Rinand Rit-specific antisera will more definitively resolve this issue.
To examine the possible role of the C-terminal domain in membrane association, we also generated and expressed constructs coding for mutant proteins in which parts of the C-terminal polybasic region were deleted (del I and II) (Fig. 1) . Rin del I lacked the C-terminal 24 amino acids, containing 11 basic amino acid residues, and del II lacked the C-terminal 39 amino acids, containing 16 basic amino acid residues (Fig. 1) . Rit deletions I and II lacked the C-terminal 25 and 40 amino acids, respectively, which also contained 11 and 16 basic amino acid residues, respectively. As shown by confocal microscopy, Rin del I and II and Rit del I localized to the plasma membrane (Fig. 4 B,C,E) . In contrast, Rit deletion II was not membrane-associated in COS and 293 cells, but rather showed a vesicular pattern localized to the cytoplasmic region (Fig. 4 F ) . The identity of the stained region is unclear, but staining with DAPI indicated that it was non-nuclear (data not shown). These results indicate that although membrane association of Rin does not require the C-terminal polybasic region, the polybasic region between residues 180 and 194 in Rit may be involved in the mechanism of membrane localization. Alternatively, we cannot rule out the possibility that overexpressed mutant Rit protein may fail to fold properly and may aggregate, thereby preventing proper intracellular sorting to the plasma membrane; however, the finding that the Rin and Rit del I and II deletions retain the ability to bind GTP (Fig. 3B) suggests, at least at a first approximation, that the deleted proteins fold properly.
Rin binds to calmodulin in a calcium-dependent manner
Based on the finding that a Drosophila Ras homolog that also contains a CAAX-less and polybasic C terminus binds calmodulin (Wes et al., in press) , and the important but incompletely understood relationship between calcium-dependent processes and Ras signaling in neurons (Finkbeiner and Greenberg, 1996) , we tested Rit and Rin for their ability to bind calmodulin. GST fusions of Rit and Rin, as well as deleted forms of the proteins, were expressed in E. coli. Total bacterial extracts or purified fusion proteins were subjected to SDS-PAGE (Fig. 5A ), transferred to nitrocellulose membranes, and tested for their ability to bind biotinylated calmodulin. As shown by immunoreactivity with an anti-GST antibody, all of the fusion proteins were expressed at comparable levels (Fig. 5B) . Full-length Rin fusion protein, either unpurified (Fig. 5C, lane 1) or purified (lane 9), showed strong binding to calmodulin, whereas GST itself did not demonstrate any detectable binding (lane 8). Rit fusion protein did not show significant calmodulin binding (lane 7 ). Although some experiments did suggest minimal binding activity associated with Rit, the level was so low that it most likely represents experimental background. Alternatively, it is possible that bacterially expressed Rit fails to bind, because it is not properly folded or posttranslationally modified.
To localize the calmodulin binding activity within Rin, the del I and II C-terminal deletion mutants described above were tested for binding (Fig. 5C, lanes 3 and 2) . Both constructs failed to show detectable binding, demonstrating that at least part of the C-terminal 24 amino acid residue region is necessary for calmodulin binding. To determine which region is sufficient for binding, we also generated nested GST fusions containing only the 53, 39, and 25 C-terminal amino acids (lanes 4, 5, and 6 ). All three constructs showed binding, demonstrating that the C-terminal 25 amino acid sequence in Rin is sufficient to mediate calmodulin binding.
To determine the role of calcium in the interaction between Rin and calmodulin, the same binding protocol was carried out in the absence of calcium and in the presence of the calcium chelator EGTA (Fig. 5D) . The binding activity of Rin and the C-terminal constructs was significantly reduced in the absence of calcium, demonstrating that, at least in this solid-phase binding assay, the interaction between Rin and calmodulin is calcium-dependent.
Rit is expressed ubiquitously, but Rin is expressed only in subsets of neurons
Northern analysis was performed to examine the expression patterns of Rit and Rin. Like most Ras-related genes, Rit is expressed ubiquitously and is present as a single 1.2 kb transcript (Fig. 6 A) . Rin mRNA, however, which is expressed as a ϳ2.0 kb transcript, Figure 5 . Calmodulin binding activity of Rin and Rit fusion proteins. A, Protein gel-stained with Coomassie brilliant blue. B, Western analysis using anti-GST antibody. C, Western blot probed with biotinylated calmodulin in the presence of 0.5 mM Ca 2ϩ . D, Western blot probed with biotinylated calmodulin in the absence of Ca 2ϩ and presence of 5 mM EGTA. Lane 1, GST/Rin; 2, GST/Rin-del II; 3, GST/Rin-del I; 4, 53 C-terminal amino acid residues of GST/Ren; 5, 39 C-terminal amino acid residues of GST/Ren; 6, 25 C-terminal amino acid residues of GST/Ren; 7, GST/Rit; 8, GST alone; 9, pTrcHis/Rin. Lanes 1-8 contain total bacterial extract. Lane 9 contains purified fusion protein.
is detectable only in retina and brain. RT-PCR likewise indicated that Rin is expressed only in neural tissue (Fig. 6 B) . Developmental Northern analysis of brain revealed that, although Rit is expressed at similar levels in embryonic and adult tissues, Rin mRNA is expressed more highly in the adult (Fig. 6C) .
The neural-specific pattern of Rin expression was confirmed and further analyzed by in situ hybridization (Fig. 7) . In mouse retina, Rin mRNA was detected in the inner nuclear and ganglion cell layers, comprising the second and third order neurons, respectively (Fig. 7A) . In contrast, the photoreceptor layer was negative for Rin expression. Ganglion cell expression appeared perinuclear and variable (Fig. 7C) . Some ganglion cells contained abundant reaction product, whereas others, even adjacent cells, revealed no detectable signal.
Sections through the mouse brain also revealed a pattern of widespread but variable expression in subsets of neurons. A moderate level of Rin expression was observed in the majority of neurons throughout the diencephalon, midbrain, and hindbrain, including neurons within named nuclei as well as neurons scattered throughout the reticular formation. In the hippocampus, strong expression was evident in the subiculum (Fig. 7F ) . Low to moderate expression was seen in neurons of the dentate gyrus, Ammon's horn, and the hilus of the dentate gyrus. A high level of expression was evident in several nuclei of the dorsal medulla (Fig. 7H ) , including what appeared to be the dorsal motor nucleus of the vagus nerve and the perihypoglossal nucleus. Within the caudate putamen, occasional isolated neurons showed a moderate level of expression (Fig. 7O) . Within the cerebellum, a moderate level of expression was noted in the medial cerebellar nucleus, as well as in Purkinje cells, and in occasional neurons in the molecular layer of the cortex (Fig. 7H ) . No expression was evident in the granular layer. In the cerebral cortex, the deeper layers of the cortex (probably corresponding to layer V, the pyramidal layer) showed low to moderate expression, with barely detectable expression in the other layers (Fig. 7K ). Glial cells, including the ventricular ependymal cells, appeared not to express Rin. Given the limits of in situ hybridization, however, it is impossible to completely exclude the possibility of glial expression of Rin in the present study. Consistent with the Northern blot and RT-PCR results, sections through mouse testis, kidney, and liver revealed no evidence of Rin expression (data not shown).
DISCUSSION
In this paper we have described the cloning and initial characterization of two novel small G-proteins, Rit and Rin. Sequence comparison suggests that the proteins are members of the Ras subfamily. Both proteins, however, demonstrate a number of unusual structural and other characteristics that differentiate them from typical Ras-related proteins and suggest that they define a new subclass.
Mechanism of membrane association
Rit and Rin are unusual in that they lack a CAAX box. The finding that Rit and Rin, when expressed as fusion proteins with a myc-epitope tag, are nonetheless membrane-localized indicates that these proteins may use a mechanism of membrane association that is distinct from the prototypic isoprenylation used by the typical Ras protein (Casey, 1995) . Although a farnesyl transferase or equivalent enzyme could recognize a different consensus sequence, it is unlikely that isoprenylation of the C-terminal region is involved, because the most C-terminal cysteine residues in Rit and Rin are 62 and 61 residues from the C terminus, respectively. There are known proteins that also lack a CAAX box such as Rad, Gem, and Kir (Reynet and Kahn, 1993; Cohen et al., 1994; Maguire et al., 1994) , but each of these proteins has a cysteine residue located seven residues from its C terminus, which provides a putative lipidation site. The apparent lack of a C-terminal farnesyl group in Rit and Rin may have additional implications, Figure 6 . Tissue-specific and developmental analysis of Rit and Rin expression. Northern blots of total RNA (25 g/lane) extracted from adult mouse tissues (A) and from mouse brain in late gestation embryos, 1-and 3-week-old pups, and adults (C) were hybridized with Rit, Rin, and human glyceraldehyde-3-phosphate dehydrogenase (GAPD) cDNA probes. B, Similar analysis of adult tissues performed using RT-PCR to amplify Rit and Rin cDNA fragments. Amplification of riboprotein S16 was used as a control for the amount of starting RNA. because isoprenyl groups have been suggested as being involved in protein-protein interactions (Marshall, 1993; Porfiri et al., 1994) .
Both Rit and Rin have extended, highly conserved C-terminal polybasic regions. Because polybasic domains have been implicated in providing energy for membrane association for other Ras-related proteins (Hancock et al., 1990; Cadwallader et al., 1994) , we suspected that these regions might be important for membrane association; however, deletion of the entire Rin polybasic domain had no detectable effect on membrane association under the experimental conditions used in this study. In the case of Rit, the situation appears more complicated. Deletion of the C-terminal 11 basic residues (del I) had no effect, but deletion of a larger region (16 basic residues, del II) led to a vesiculated cytoplasmic staining pattern. These results suggest that the 15 amino acid residue region between del II and del I in Rit is necessary for membrane association. Alternatively, it is possible that del II so disrupts the protein that it prevents protein folding and thereby blocks normal protein sorting in a nonspecific manner. Considering the perfect conservation between Rit and Rin of the position of the C-terminal basic residues, this difference in results for the two proteins is surprising, and it may reflect a difference in the binding energy provided by other parts of the molecules. Whether the basic mechanism of membrane localization involves direct membrane binding or interaction with an anchoring protein remains to be determined. Because both Rit and Rin have putative myristoylation sites, such a mechanism may be involved in membrane association.
Rit and Rin share a unique effector domain
A second unusual aspect of Rin and Rit is their effector (G2) domains (DPTIEDAYK). The nine amino acid residues are 100% conserved between the murine and human Rin and Rit proteins. A search of the current databases did not reveal any other proteins with an identical sequence. The closest match, seven of nine, is to the effector domain of N-Ras and other related Ras proteins (DPTIEDSYR). The significance of these two amino acid residue differences is not yet clear. The overall similarity to the effector domain of Ras proteins may suggest that Rin and Rit interact with some Ras effector proteins. Alternatively, the sequence changes, although minimal, may lead to interaction with a novel set of effector molecules. It is hoped that ongoing experiments using the yeast two-hybrid system will identify effectors of Rin and Rit. Preliminary two-hybrid results suggest that Raf is not an effector for Rit (our unpublished results). In terms of which GAPs interact with Rin and Rit, it is potentially significant that the equivalent of Ras residues 12, 13, and 61, which are important for sensitivity to GAP and neurofibromin (Lowy and Willumsen, 1993) , are conserved between Ras, Rin, and Rit.
Neuron-specific pattern of Rin expression provides an additional mechanism for achieving cell-type specificity of signaling Although Ras-mediated signaling pathways are often highly cell type-specific, most Ras subfamily members are widely or ubiquitously expressed. The cellular specificity of individual pathways is generally thought to be provided by the specific expression patterns of other proteins in the cascade, such as receptors, GAPs, GEFs, and downstream effector molecules. For example, GAPIII is expressed most highly in the brain (Baba et al., 1995) , and p140 Ras-GRF is reported to be neuron-specific and has been proposed to be responsible for the neuron-specific activation of Ras by calcium (see below) (Farnsworth et al., 1995) . Clearly, the highly specific expression pattern of Rin within the nervous system provides another and more direct mechanism for achieving functional cell-type specificity in signaling. There are a few other small G-proteins that show limited expression patterns, such as Rab3A, which is expressed in neuroendocrine cells (Burstein and Macara, 1989; Darchen et al., 1990) . Within the Ras subfamily, however, Rin is the only member that is expressed exclusively in neuronal cells.
Mechanism of interaction between Rin and calmodulin
The calcium binding protein calmodulin regulates a wide variety of cellular processes (Crivici and Ikura, 1995) . In response to an increase in the intracellular concentration of free Ca 2ϩ , calmodulin undergoes a conformational change that results in its binding to a target molecule. Although calmodulin binds with high affinity and specificity to more than 20 different targets, the targets do not display a well conserved binding motif. Most target sites are small, ranging from 14 to 26 amino acid residues, and contain a high density of basic residues within an amphiphilic ␣-helix (O'Neil and DeGrado, 1990) . Whether the calmodulin binding site of Rin fits this prototypic structure is unclear. It is small, is contained within the C-terminal 25 amino acid residues (RKLKRKDSLWK-KIKASLKKKRENML), is polybasic, and includes a number of hydrophobic residues. Based on the helical wheel algorithm, however, it is not an ideal sequence for forming an amphiphilic ␣-helix. In addition, the location of C-terminal basic residues is identical between Rin and Rit. Rit also contains hydrophobic residues, yet Rit does not demonstrate significant calmodulin binding. Additional physical studies will be necessary to ascertain the structure of the binding site of Rin and the nature of its interaction with calmodulin.
Rin may be involved in calcium-mediated neuronal signal transduction
Intracellular calcium has been implicated in the regulation of a number of neuronal processes, including ion channel status, neurotransmitter release, neurite outgrowth, apoptosis, synaptic plasticity, and long-term potentiation . Recently, increasing evidence has accumulated to suggest that Ras proteins may be important in mediating some of these calcium-dependent processes (Rosen et al., 1994; Rusanescu et al., 1995; Finkbeiner and Greenberg, 1996) . A number of mechanisms have been proposed to explain the interconnection between the calcium and Ras signaling pathways. Among them is the ability of calcium, through calmodulin, to affect the activity of Ras regulatory proteins such as p140 Ras-GRF and IQGAP1 (Weissbach et al., 1994; Farnsworth et al., 1995) . The ability of Rin to interact directly with calmodulin in a Ca 2ϩ -dependent manner may provide another and more direct route for calcium signaling to act through the Ras pathway. Whether such a putative pathway acts through the MAP kinase cascade remains to be determined, but given the conservation within the Ras family, it seems likely.
The finding that Rin expression is significantly greater in the adult brain than at earlier stages suggests that it may be more important for adult neurological functions than for developmental processes. Although the physiological function of Rin remains to be determined, its membrane localization, interaction with calmodulin, and unique expression pattern within subsets of neurons are consistent with its possible involvement in functions such as learning and memory, perhaps through modulation of processes such as long-term potentiation and depression. Additional studies using dominant-negative and constitutively active forms of Rin may help to answer these questions. 
